A two-parameter monthly water balance model to simulate runoff can be used for a water resources planning programme and climate impact studies. However, the model estimates two parameters of transformation of time scale (c) and of the field capacity (SC) by a trial-and-error method. This study suggests a modified methodology to estimate the parameters c and SC using the meteorological and geological conditions. The modified model is compared with the Kajiyama formula to simulate the runoff in the Han River and International Hydrological Programme representative basins in South Korea. We show that the estimated c and SC can be used as the initial or optimal values for the monthly runoff simulation study in the model.
Introduction
Water balance models were developed in the 1940s by Thornthwaite (1948) and later revised by Thornthwaite and Mather (1955) . These models are essentially bookkeeping procedures that estimate the balance between the income of water from precipitation and snowmelt and the outflow of water by evapotranspiration, streamflow and groundwater recharge. Generally, the monthly water balance model is applied in three fields, i.e. the reconstruction of hydrological characteristics of a watershed for climatic impacts, the evaluation of seasonal and geographical patterns of water supply and irrigation demand (Xu and Singh 1998) .
Early monthly runoff models related to climate were developed by Meyer (1947) and Thornthwaite (1948 , Alley 1984 , and the developed models are for annual and monthly time scales, respectively. The Thornthwaite method is a simple water balance model, which was developed originally for the Delaware River basin, USA. Sugawara (1961) introduced the Tank model, which is a simple concept that uses one or more tanks for simulating water balance in a watershed. Snyder (1963) developed the Tennessee Valley Authority (TVA) model for prediction of monthly water yield. Palmer (1965) used a monthly water balance model to develop the index of meteorological drought. Thomas (1981) and Thomas et al. (1983) suggested that the state variables simulated in a water balance may be useful in themselves. Gleick (1987) developed a monthly water balance model specifically for climate impact assessment and addressed the advantages for water balance type models in practice. Kim (1984) simplified the water balance for river runoff by the relationship between rainfall, evapotranspiration, and variation of soil water content. He used regression analysis with the variables of watershed rainfall, the measured evaporation, and runoff of previous month for investigating the effects of variables on monthly runoff. The Korea Research Institute for Human Settlements (KRIHS 1987) developed a model called KRIHS by using water balance analysis of the watershed for the estimation of monthly runoff. Mimikou et al. (1991) developed a monthly time scale runoff model to study the effects of climate change on the mountainous watersheds in Greece. Mouelhi et al. (2006) developed a two-parameter monthly water balance model and applied it to France, the Ivory Coast, Brazil, Australia, and the USA. Wang et al. (2009) studied effects of climate variations and human activities on runoff in the Chaobai River basin of northern China using the distributed time-variant gain model.
Monthly water balance models have been developed in the last 70 years and they are becoming more complicated for more physically based analysis and various applications. However, complex models still have many outstanding questions regarding parameterization, calibration, and error correction (Moradkhani and Sorooshian 2008) . The estimation of the excessive parameters within distributed models is the main source of uncertainty in these models (Moradkhani and Sorooshian 2008) . Therefore, the simple models can still be efficient and useful in runoff simulation, just like the conceptual hydrological model is still of great use in flood forecasting despite the emergence of the physically based models (Woolhiser 1996) . However, there is a limit to representing all the hydrological characteristics in a basin in spite of their merits. This study focuses on improving the existing methodology to estimate monthly runoff efficiently at ungauged sites. A two-parameter monthly water balance model (TPM) was suggested by Xiong and Guo (1999) and it has been widely used due to its simple and efficient applicability. This study tries to suggest the methodology that reflects the meteorological and geological characteristics when estimating the parameters in the model. The methodology is applied to the Han River and IHP (International Hydrological Programme) representative basins in Korea, and its applicability is assessed through comparing the results with those of the Kajiyama formula (Kajiyama 1928) .
This paper is organized as follows. In Section 2, we give a brief overview of the methodology of the Kajiyama formula and the two-parameter monthly water balance model. In Section 3, we show the procedure for application and discuss its results. Finally, in Section 4, we summarize the findings from the applications and conclude.
Methodology

Kajiyama formula
In practice, we may need monthly, seasonal, or annual runoff volumes for the determination of reservoir capacity and analysis of reservoir operation. However, it is difficult to obtain long-term runoff from the rainfall-runoff relationship because many factors have an effect on runoff.
Since the length of runoff record is not sufficient and the number of measuring sites is also limited in Korea, an appropriate method is needed for the determination of availability of water resources required in carrying out water resources development and the design of hydrological structures at a site. If a proper relationship between rainfall and runoff depth can be established, the runoff depth may be obtained from monthly or annual rainfall. Thus, the Kajiyama formula is widely used for the calculation of monthly runoff depth at an ungauged site in Korea. The formula is given by
where R represents runoff depth in mm, P monthly rainfall, f runoff coefficient in a watershed, and EP the coefficient for monthly rainfall depth. The coefficients of f and EP are given according to watershed characteristics and monthly rainfalls (Yoon 1998 ).
Two-parameter monthly water balance model
This section describes a simple two-parameter monthly water balance model (TPM) suggested by Xiong and Guo (1999) and a modified TPM for the estimations of two parameters.
Model construction
Ol'dekop (1911) (in Brutsaert 1992) suggested the following equation (2) to calculate the actual annual evapotranspiration:
where E(t) is the actual annual evapotranspiration, EP (t) the annual pan evaporation, P(t) the annual rainfall, and tanh[·] the hyperbolic tangent function. After many numerical experiments, Xiong and Guo (1999) suggested that equation (2) can be used to calculate the actual monthly evapotranspiration if its right side is multiplied with a new coefficient:
where c is the new coefficient and the first model parameter. This parameter c is used to take account of the effect of the change of time scale, i.e., from year to month. The runoff Q(t) is also assumed to be a hyperbolic tangent function of the soil water content S, which is given by
where Q(t) is the monthly runoff, S(t) the water content in soil, and SC the field capacity of catchments. Thus, SC is the second parameter used in the TPM. The  quantity  of  soil  water  will 
Numerical computation of the model
after the loss of evapotranspiration E(t), and S(t − 1) represents the water content at the end of the (t − 1)th month and at the beginning of the tth month. Equation (4) is then used to calculate the tth monthly runoff Q(t), as follows:
Finally, the water content at the end of the tth month, i.e. S(t), is calculated according to the water balance:
The determination of an initial value of soil water content, S(0), affects the monthly runoff, Q(t), especially for lack of observations. The S(t) has a similar quantity in the same time scale in the hydrological cycle; e.g. the same month in each year represents a similar soil water content. Thus, S(0) can be determined in the TPM as follows:
where N is the period.
The optimum values of the proposed two parameters of the model can be obtained by automatic optimization with the simplex method developed by Nelder and Mead (1965) (shown in Fig. 1 ). However, Xiong and Guo (1999) did not describe the initial values of the two parameters and they estimated them by a trial and error method. If the initial values can be obtained we could compute water balance in a more reasonable sense, especially for an ungauged site. The following section demonstrates how the two parameters could be estimated.
Parameter estimation
If runoff observations exist, the optimum values of the model parameters can be estimated by comparison between the observed and simulated runoffs. However, it may be difficult to determine the parameters if there are no observations, and thus we may estimate them by using the meteorological, topographic, and geological characteristics. This study suggests the estimation of two parameters in the TPM.
A common method in practice for the conversion of pan evaporation to actual evaporation is to use the reduction factor k, i.e. E t ð Þ ¼ k Â EP t ð Þ, and equation (3) can be written as:
Then the parameter c is given by
Therefore, if k is known, the parameter c can be estimated with monthly rainfall and pan evaporation.
The suggested values of k were 0.8 for May to August, 0.6 for November to February, and 0.7 for March, April, September and October in Korea by Yoon (1998) . The parameter SC is defined as the moisture content of soil after gravity drainage is complete (or field capacity). It is the variable that includes spatial meaning and it may have a similar value in a watershed (Xiong and Guo 1999) . Therefore, we consider that the field capacity is related to curve number (CN), which has associations with the soil type and land use, and the parameter SC has a linear relationship with the CN of AMC-II (Antecedent soil Moisture Condition II) as follows: Figure 1 . Computational procedure of the simplex method.
where a 1 and a 2 are constants.
3 Application and results
Data used and TPM
The study areas are the Han River and the IHP representative basins in Korea. The datasets used are the monthly rainfall, runoff and pan evaporation from the reports of the Ministry of Construction and Transportation (1983 , 1985 -1997 and Korean Institute of Construction Technology (1989) at the basins (shown in Fig. 2 and Table 1 ). The ChungMi and HoengSung sites in Table 1 are used for comparative purposes between the TPM and the Kajiyama formula using the suggested methodologies in Section 2 for parameter estimation, and thus the two sites are excluded in this section. Therefore, only the other eight sites are used to estimate the parameters of the models.
The parameters c and SC are estimated by the method of Xiong and Guo (1999) and the results obtained by the TPM are listed in Table 2 . Xiong and Guo (1999) verified the mentioned parameters in 70 watersheds in China. Here the mean values obtained by Xiong and Guo (1999) are used as the initial values for parameter estimations and the observations are from the Ministry of Construction and Transportation (1987-1997) and Korean Institute of Construction Technology (1989) . The observed and simulated monthly runoffs for the WiChun and PyungChang sites are compared in Figs 3 and 4. The model simulates the monthly runoff hydrographs at the WiChun site well (see Fig. 3 ), but it does not simulate so well at the PyungChang site (see Fig. 4 ). When considering the relationship between rainfall and runoff in 1985, 1986 and 1991, the rainfall gauge does not represent the characteristics of rainfall in the PyungChang sub-basin well. The root mean square error (RMSE) is used as an error criterion between the observed and simulated runoffs, and the Nash-Sutcliffe efficiency (NSE) criterion of Nash and Sutcliffe (1970) is used for the model efficiency. The rating curve should be constructed for stage data at each site but, in reality, it has not been constructed properly for the sites and it is difficult to estimate runoff data. Although the rating curve is applied to flood and low flow seasons, most of the rating curves were not constructed carefully for low flow data and thus the runoff estimation is less accurate in low flow seasons than flood. In our simulation, the results for the KanHyun and YoungWol sites are not satisfactory; this may be due to the relatively large watershed area. However, Figure 2 . The locations of the 10 case study sites in South Korea. KyungAhn 1985 -1988 264.3 HongChun 1963 -1972 874.3 KanHyun 1979 1173 .7 JuChun 1973 -1975 528.8 YoungWol 1982 -1986 2450 .6 ChungMi 1985 -1987 523.8 HoengSung 1986 -1989 Table 2 ).
Determination of c and SC
The parameters at the ChungMi and HoengSung sites are estimated for purposes of comparison between the TPM and the Kajiyama formula. The parameter c is estimated by equation (9) and the results for the two sites are presented in Tables 3 and 4. In Tables 3 and 4 , the values of c are 1.004 for ChungMi and 1.283 for HeongSung, and we applied these values to the TPM. The estimated parameter c may be used as the optimal or initial value for runoff simulation by the TPM. The SC in Table 2 is used for the relationship with CN, which is represented in 
Equation (11) is the linear regression equation for the SC of eight sites in Table 2 and the CN in watersheds of the eight sites. We estimate the SC values for the ChungMi and HoengSung sites by using equation (11) (shaded cells in Table 5 ). Also, the estimated SC could be used as its optimal or initial value. For example, this study simulates the runoff with two types of model: the estimated parameters are used as the optimal values in one (Model I) and as the initial values in the other (Model II).
Comparative study of the models
First, the parameters are estimated by using equations (9) and (11) and the results for the ChungMi and HoengSung sites are rearranged in Table 6 . Based on the parameters of Table 6 , the runoffs are simulated by using Model I and Model II, and the Kajiyama formula is also simulated by equation (1). The results are compared with the observations (Figs 5 and 6 ). This shows that the estimated parameters can be used as the optimal values for runoff simulation by the TPM.
Model I, Model II and the Kajiyama formula can be compared using the RMSE and NSE values presented in Table 6 .
Model I and Model II are better optimized than the Kajiyama formula and Model II is the best one, as can be seen from Table 6 . Therefore, Model II may be used for monthly runoff simulation in practice, and it has a more reasonable physical soundness than the Kajiyama formula, which is widely used in Korea. Also, the TPM by Xiong and Guo (1999) was used for the gauging station but, if we use the estimated parameters suggested in this study, the model could be used for the ungauged sites. When estimating runoff at ungauged sites, as applied in this study, a simple model is preferred to a complex model due to the limitations arising from the lack of measurement data for calibration and the available input data. The simple TPM and the Kajiyama formula were applied at ungauged sites in this study but the TPM showed better results. Thus, the TPM using the water content in soil and the field capacity of catchments is more applicable than the Kajiyama formula using the runoff coefficient and the coefficient for monthly rainfall depth, even though both the TPM and the Kajiyama formula have two parameters. The parameters of Model II were estimated considering the meteorological and geological conditions, and Model II was better optimized than Model I, even though both use the same TPM model. We confirmed that the result depends on the parameters reflecting the hydrological characteristics even in a simple model.
Conclusions
The TPM was suggested by Xiong and Guo (1999) and we modified the original model for the estimation of parameters. The parameter c was estimated by using the relationship between actual and potential evaporation, and the parameter SC was estimated by association with CN. The modified model suggested in this study has proved to be more efficient in simulating the monthly runoff with a simple structure and two Figure 6 . Observed and simulated monthly runoff hydrographs at the HoengSung site (1986) (1987) (1988) (1989) . parameters. The modified model could be also used at ungauged sites because the parameters can be estimated by using the meteorological and geological conditions, and parameter optimization using observations is not required. In particular, the modified model gives better results than the Kajiyama formula, which is widely used in Korea, and thus it may be used for monthly runoff simulation studies. However, further improvements could be made by considering a more exact relationship among regional properties for the transformation of potential evapotranspiration into actual evapotranspiration to apply the TPM to ungauged sites. Also, the equation for parameter estimation of SC could be improved by obtaining more exact antecedent soil moisture conditions and by performing the analysis for many sites.
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